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Er:YSO crystal is promising candidate with great variety of its potential applications in quantum
information processing and quantum communications ranging from optical/microwave quantum
memories to circuit QED and microwave-to-optics frequency converters. Some of the above listed
applications require ultra-low temperature environment, i.e. temperatures T <∼ 0.1 K. Most of
the experiments with erbium doped crystals have been so far carried out at temperatures above
1.5 K. Therefore, only little information is known about Er:YSO coherence properties at millikelvins.
Here, we investigate optical decoherence of 167Er:Y2SiO5 crystal by performing 2- and 3-pulse echo
experiments at sub-Kelvin temperature range and at weak and moderate magnetic fields. We show
that the deep freezing of the crystal results in an increase of optical coherence time by one order of
magnitude below 1.5 Kelvin at the field of ∼0.2 T. We further describe the detailed investigation of
the decoherence mechanisms in this regime.
I. INTRODUCTION
Rare-earth (RE) doped solids have gained considerable
interest from quantum communication [1] and quantum
information processing community [2] due to exception-
ally long coherence time of their spin [3, 4] and opti-
cal degrees of freedom [5]. Today, one of the inten-
sively studied RE doped solid is yttrium ortho-silicate
(Y2SiO5 or YSO). Being doped with Kramers ions, such
as Nd3+, Yb3+ and Er3+, these crystals are studied in
a view of different applications such as (a) optical quan-
tum memories, due to the presence of optical transitions
inside telecommunication bands [6–11]; (b) efficient mi-
crowave quantum memories, because of long coherence
time of electronic and nuclear spins [12–14]; (c) circuit
QED, due to large g-factor [15–17]; (e) microwave-to-
optical frequency converters, due to the addressable tran-
sitions is optics, microwave and RF frequencies and large
g-factor [18, 19]. Nevertheless, there is a major chal-
lenge of working with Kramers ions, and it is associ-
ated with large unquenched electron magnetic moment.
Large RE magnetic moments exhibit rapid decoherence
as a result of the increased coupling to phonons (process
known as spin-lattice relaxation) [20, 21] and to other
spins via magnetic dipolar interactions (spectral and in-
stantaneous diffusion) [14, 22].
There are three ways to circumvent the detrimental
effects of decoherence processes. The first one relies on
using of so-called ZEFOZ technique, where an optical
photon is mapped to the hyperfine transitions, which are
insensitive to the magnetic field fluctuations [23]. For
the case of low-symmetry YSO crystal, such transitions
may occur at zero field [24] or at the specific magni-
tudes and directions of the applied magnetic field [25].
At such cases, the electronic spin coherence time may
reach milliseconds timescale. The second way is to freeze
electronic spin bath by applying a strong magnetic field
of 7 T at a relatively low temperature of 1.5 K and to
write coherent optical pulses into a nuclear spin states
of 167Er3+ Kramers ion [4]. By using this prescription a
record-long T2 ' 1.3 s has been recently obtained. The
third promising way involves the possibility to map op-
tical photons into nuclear spins of a crystal host, such as
Y3+ in the case of YSO crystal [26].
II. WHY COOLING BELOW 1 KELVIN?
In this article we present an experimental investiga-
tions of optical coherence of 167Er:Y2SiO5 crystal at sub-
Kelvin temperatures. Such temperature range is very
challenging to work at, yet it is very attractive due to
few possible applications, which are hardly accessible
at conventional temperatures above 1.5 K: for instance,
the direct interface between superconducting qubits and
RE optical or spin degrees of freedom with a view of
the application in microwave quantum memory [27], and
microwave-to-optical frequency converters [18, 28].
At ultra-low temperatures, it is possible to attain
nearly full polarization of the electronic spin bath, which
in turn quenches the major sources of optical/spin de-
coherence, i.e. spectral diffusion occurring in the pres-
ence of direct and indirect flip-flops of surrounding elec-
tronic spins [12]. The dephasing time contains informa-
tion about nearly all processes influencing the spins, and
it is derived from homogeneous linewidth Γ0, magnetic
dipolar broadening, a.k.a. spectral diffusion, ΓSD and
characteristic spin flip-flop time Wff [22]. All these pa-
rameters can be extracted by performing 3-pulse echo
and 2-pulse echo experiments. Echo experiments with
Er:YSO in sub-Kelvin temperature range have already
demonstrated substantial slowing down of the spin-lattice
relaxation process even at weak magnetic fields, where
the spin-lattice relaxation time attains time-scale of sec-
onds TSLR1 ∼ 1− 10 sec [15, 29].
In our recent work we have demonstrated the in-
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2crease of optical coherence time of isotopically purified
166Er:7LiYF4 at T < 1 K [30] by nearly two orders of
magnitude while cooling below 1.5 K at moderate fields.
The LiYF4 is however a challenging substrate: the Flu-
orine possesses large nuclear spin moment, which is a
source of magnetic noise and strongly limits the elec-
tronic coherence of Erbium even below 1 K. In compar-
ison, Y2SiO5 is magnetically quite crystal, in which it is
in general easier to achieve higher coherence times.
III. EXPERIMENTAL SETUP
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FIG. 1: (Color online) Sketch of the experimental setup. The
setup consists of two parts: OVNA - for the optical vector net-
work analysis and for heterodyne echo detection. MZM stands
for Mach-Zehnder intensity modulator. AOM is acousto-
optical modulator. DR is the dilution refrigerator. PD is the
high-speed InGaAs photodetector. SG1 and SG2 are signal
sources for the generation of echo sequence and heterodyne de-
tection, respectively. RF-VNA is the radio-frequency vector
network analyzer. AOM and signal generators are triggered
by using pulse generator. DOSX is the digitizing oscilloscope.
The experiment is controlled by using PC.
We investigate a single Er:YSO crystal doped with
0.005% atomic concentration of 167Er3+ ions grown by
Scientific Materials (Bozen, USA). The crystal has di-
mensions of 3 x 4 x 6 mm and its faces are AR coated
for 1539 nm wavelength transmission. In the presented
experiment the orientation of the crystal in the magnetic
field (θ = 45◦ and ϕ = 90◦) allows for the lifting off the
magnetic class degeneracy [12, 15]. The optical pulses are
propagated along the magnetic field and polarization of
the light is set along D1 axis of the crystal. The crystal is
placed inside a copper sample holder which is thermally
anchored to the mixing chamber of the optical dilution
refrigerator BF-LD-250 with calibrated cooling power of
450 µW at T = 0.1 K, see refs. [12, 30] for details.
A schematics of the experimental setup is outlined in
Fig. 1. The erbium-doped free-running fiber laser (NKT
Photonics Adjustik E15) emits a continuous signal at
the frequency which is about 6 GHz below the observed
I15/2 ↔ I13/2 optical transition for the site 2 at zero
field (ω0/2pi = 194802 GHz). The laser frequency is sta-
bilized by using optical wavemeter (High-Finesse WS6-
200). Optical vector network analysis (OVNA) is used
for the transmission optical spectroscopy of the sam-
ple [31]. For that purpose the signal generated by RF
vector network analyzer (RF-VNA) is used to create op-
tical sidebands by using Mach-Zehnder intensity modu-
lator (MZM). The power of the laser beam is adjusted by
acousto-optical modulator (AOM) and is set to 30 µW
during spectroscopy experiments and to 5 µW for photon
echo experiments. The light beam is tightly focused into
the sample yielding an estimated beam waist of 100 µm.
The transmitted signal is detected by high-speed InGaAs
photodetector (PD). The intereference between optical
sidebands and the carrier signal produces microwave sig-
nal at the excitation frequency. This signal is amplified,
and its magnitude, group delay and phase are measured
by RF-VNA.
Pulsed optical spectroscopy (2PE and 3PE) deploys
heterodyne method. An echo sequence is cerated by trig-
gering the output of the RF signal generator SG1. Mi-
crowave pulses of certain length and durations creates
optical sideband which is resonant with an erbium tran-
sition. Another triggering sequence opens AOM only for
the time of the echo generation pulses and its detection.
The light power in the interacting sideband is estimated
to be about 1 mW. The interference between the car-
rier pulse and the echo signal is detected by a high-speed
photoreceiver. The detected microwave pulse is ampli-
fied by using low-noise amplifier (LNA) and conventional
+26 dB amplifier. The amplified microwave signal is
mixed down to 30 MHz with the help of the heterodyne
SG2. After the band-pass filtration, the echo signal is fi-
nally detected by using a digitizing oscilloscope DOS-X.
The full-experiment is controlled by using PC and MAT-
LAB scripts.
IV. SPECTROSCOPY
Figure 2(a) demonstrates the transmission spectrum
measured at the base temperature of the dilution refrig-
erator T = 12 mK as a function of the applied mag-
netic field. At weak fields, the magnitude response of the
transmitted signal |S21(Ω)| consists of many overlapping
lines, and it is therefore difficult to assign each line to
a particular optical transition. However, the measured
group delay of the microwave signal yields much cleaner
spectrum, which is also insensitive to the intensity fluctu-
ations. The group delay signal δτ = ∂ arg
(
S21(Ω)
)
/∂Ω
is automatically computed by RF-VNA.
The transmission spectrum consists of several groups
of lines with high and small optical g-factor. All groups
can be identified at magnetic field above 0.2 Tesla, where
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FIG. 2: (Color online) (a) The OVNA group delay transmis-
sion spectrum of Er:YSO sample measured at T = 12 mK as
a function of the applied magnetic field. Arrows on the right
hand side of the plot show optical transitions between Zeeman
levels with the same nuclear projection mI . (b) The OVNA
amplitude transmission spectrum measured at B = 280 mT.
The red arrow shows transitions of our interest, which is used
for studying of optical coherence.
the electron Zeeman term prevails and the electronic spin
becomes a good quantum number. We focus our study of
optical coherence on the group of lines with small optical
g-factor. There are 8 resolved lines in this multiplet,
which are attributed to the transitions between optical
Zeeman states with the same projection of electronic spin
mS = −1/2, but different nuclear spin projection mI =
−7/2...+ 7/2.
The optical transmission spectrum, i.e. the magnitude
of the RF-VNA response, measured at B = 280 mT is
shown in Fig.2(b). Optical density of the observed tran-
sitions can be calculated by using the simple theoretical
model for the central multiplet αL ∼ 0.5 − 1 [31]. The
full-width of the optical inhomogeneous broadening is rel-
atively small Γopt ' 200 MHz.
V. OPTICAL ECHO MEASUREMENTS
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FIG. 3: (Color online) Echo decay measured at 280 mT at
temperatures of 0.012 K, 0.15 K and 0.4 K. The solid line is
the fit to the function suggested by Mims.
Coherent optical spectroscopy of the present sample
is carried out by two- and three-pulse echo (2PE and
3PE) experiments. The 8 lines of the central multiplet
demonstrate similar optical coherence properties, there-
fore, in the following we discuss results measured for the
line in the middle, which is marked by the red arrow, see
Fig. 2(b). This line corresponds to the transition between
Zeeman states with nuclear magnetic number mI = 1/2.
The length of the pi/2-pulse is optimized to yield the max-
imum echo amplitude and is equal to 1.2 µs. An example
of the heterodyned echo sequence for the pulse delay of
τ = 7 µs is shown in the inset of Fig. 3. For each echo
signal, we extract the pulse envelope and plot its inten-
sity as a function of the delay between excitation pulses
τ . In order to avoid the heating of the sample and let
the spins relax to their ground state, the echo sequence
is repeated at an extremely slow rate of 2 measurements
per minute.
VI. MODEL FOR THE DATA PROCESSING
The Figure 3 displays the normalized echo decay mea-
sured at the magnetic field of 280 mT at temperatures
of 0.012 K, 0.15 K and 0.4 K. The echo decays are non-
exponential as the consequence of the spectral diffusion.
Initially, the data are processed with the well known
4amplitude decay function suggested by W. Mims [32]:
A(τ) = A0e
−(2τ/TM )x . However, a precise analysis re-
quires to extract several parameters: spectral diffusion
linewidth ΓSD, effective linewidth Γ0, relaxation rate R
and spin-lattice relaxation (SLR) time T1. To extract
all these parameters, we use the generalized formula pro-
posed by Bo¨ttger et al. [22]:
I(t12, t23) = I0e
−2t23/T1
e−4pit12(Γ0+
1
2ΓSD(Rt12+1−e−Rt23 )), (1)
where t12 and t23 are the first-to-second and second-to-
third pulse delays respectively (for the 2PE, t23 = 0); R is
the characteristic relaxation rate; Γ0 is the homogeneous
linewidth; ΓSD is the spectral diffusion (SD) linewidth;
T1 is the relaxation time of the excited state. The de-
phasing time TM is then derived as follows [22]:
TM =
2Γ0
ΓSDR
(
−1 + ΓSDR
piΓ20
)
. (2)
Measured via stimulated echo decay, the relaxation
time T1 is very sensitive to the decoherence and spec-
tral diffusion occurring during the both t12 and t23 de-
lays. The model in Eq.1 developed by Bo¨ttger et al. [22]
aims to compensate for the both cases given that there is
only one source of SD. It, however, does not include any
contributions from the non-equilibrium phonons or more
that one sources of SD.
Each decoherence process possesses a characteristic de-
pendence on the magnetic field. The spectral diffusion
reveals the contribution of the indirect flip-flop processes
to the coherence and is typically described as [22]
ΓSD = Γmaxsech
2 genvµBB
2kBTeff
, (3)
where Γmax is the FWHM frequency broadening result-
ing from the magnetic dipole-dipole interactions and it is
estimated to be Γmax ' 2pi × 60 kHz for our crystal ori-
entation. Teff is the effective temperature of the crystal
due to the low-temperature effects, which is saturated at
a minimal thermal point, s.f. [31]. We find that it can
be well described by the equation
Teff = Tmin
(
1 +
(
T
Tmin
)2)1/2
, (4)
where Tmin is the minimal attainable temperature.
Given our thermal range, the relaxation rate R is lim-
ited to the flip-flop and direct processes: R = Rd +Rff .
The flip-flop rate Rff is given by the resonant spin flips
[33]:
Rff = Wff tanh
(
h¯ω
kBTeff
)2
, (5)
where Wff is the flip-flop coefficient, ω is the angular fre-
quency of the transition between the spin Zeemsn states.
The direct process rate Rd is in general case composed of
the direct process itself and the bottleneck effect, which
shows up at temperatures below 1 Kelvin[33]:
Rd =
1
τ1d + (1 + b)τph
, (6)
where τ1d is the ion-phonon relaxation time, which is un-
derstood as the direct process in the absence of the bot-
tleneck; τph is the lifetime of the phonons set by the mean
free path of a phonon; b is the bottleneck coefficient.
At low temperatures, τph is known to be 500 ns [34],
which also correlates with our estimate via heat capac-
ity, Cp, and thermal conductivity, κ: Cpr
2/4κ ' 300 ns.
The estimate of the ion-phonon relaxation time gives
τ1d ∼ 10−5 s [33] for the temperatures below 1 K.
The bottleneck coefficient b is given by:
b =
nat
Σph
tanh
(
h¯ω
kBTeff
)2
∼ 103, (7)
where nat ' 3.66 ·1020 m−3 is the density of Erbium; Σph
is the density of phonons, which are resonant to the inho-
mogeneous spin linewidth ∆ω[12, 15]. Σph is estimated
as [33]
Σph =
2ω2∆ω
2piυ3
= 1.86 · 1017m−3. (8)
The bottleneck relaxation dominates the direct process:
τ1d  {(1 + b)τph ' 0.5 · 103}, and the equation is sim-
plified to
Rd =
1
bτph
=
3µ2B∆ν
h¯2υ3natτph
g2B2coth
(
h¯ω
kBTeff
)2
. (9)
The final equation for the relaxation rate looks as follows:
R = WBN g
2B2coth
(
h¯ω
kBTeff
)2
+Wff tanh
(
h¯ω
kBTeff
)2
.(10)
Taking the speed of sound in Y2SiO5 equal to υ ' 4 km/s
and ∆ω ' 2pi × 30 MHz, we estimate the bottleneck co-
efficient WBN ' 2pi×6 kHz T−2. The flip-flop coefficient
is estimated to be Wff ' 2pi × 8 kHz [30].
VII. EXPERIMENTAL RESULTS
The dependences of TM on temperature and magnetic
field are presented in Fig. 4. With increase of the mag-
netic field up to 300 mT, we observe increase of the co-
herence time by one order of magnitude: from 27 µs at
30 mT to 217 µs at 300 mT. Similarly, TM increases by
one order of magnitude with the decrease of tempera-
ture. The most dramatic increase of TM happens around
5400 mK: from (39± 2) µs to (146± 7) µs. This is due to
fast polarization of the spins when thermal energy drops
below 10 GHz [35]. Above 900 mK, TM remains almost
constant ' (28± 2) µs. At 50 mK, TM saturates, which
is the result of temperature saturation at the minimal
value of Tmin ' 50 mK.
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FIG. 4: (Color online) (a) Decoherence rate 1/piTM as a func-
tion of the magnetic field at 12 mK. (b). Decoherence rate
1/piTM as a function of temperature at the magnetic field of
280 mT.
Behavior of the relaxation rate R is shown in Fig. 5.
Both B-field and temperature dependences are fit to
the Eq. 10. The results correlate and yield the fol-
lowing values: Wff ' 2pi × (10.0 ± 0.2) kHz, WBN '
2pi × (7.5± 0.2) kHz T−2 and Tmin ' 2pi × (74± 9) mK,
see Tab. I. The bottleneck rate is close to the estimated
value WBN ' 2pi×6 kHz T−2. The minimal temperature
Tmin agrees with the observed saturation of the TM be-
low 100 mK, see Fig. 4. The flip-flop rate value is similar
to the calculated by Wff ' 2pi × 8 kHz [33].
The spectral diffusion is governed by the indirect flip-
flops. The obtained SD amplitude Γmax is found to de-
pend on the delay t12, which has not been observed in
the experiments before[22]. The theoretical rate of Γmax
does not include any dependence on the first-to-second
pulse delay. The result of the fit of ΓSD to Eq. 6 is shown
in Fig.6(a). The minimal attainable temperature Tmin is
extracted from the Γmax dependence on the B-field for
all t12 delays, and it equals Tmin ' 170 mK. Γmax de-
creases from 2pi×58 kHz for t12 = 10 µs to 2pi×26 kHz
for t12 = 30 µs, see Tab. I and Fig. 6(b). We relate such
dependence of the Γmax on t12 to the non-equilibrium
phonon (NQP) dynamics and existence of several sources
of SD. As mentioned before, our fit equation includes only
one source of SD and no contribution from NQP, which
leads to the variation of the derived values of ΓSD. The
Γmax values are nicely following an exponential depen-
dence on t12, see Fig. 6 (b), with the characteristic time
τt12 ' 25µs, which holds for both temperature and B-
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FIG. 5: (Color online) (a) Dependence of the homogeneous
linewidth Γ0 and relaxation rate R on magnetic field. (b)
Dependence of the homogeneous linewidth Γ0 and relaxation
rate R on temperature at the magnetic field of 280 mT. The
red line represents fit of the data to Eq. 10 and Eq. 11.
field dependencies. Being in the order of the t12 values
used in 3PE measurement, the τt12 leads to the observed
variation of SD and relaxation time T1 values[43]. It al-
lows us to access the timescales of the NQP dynamics,
which we discuss later in detail.
The temperature dependence yields Γmax ' 2pi ×
22 kHz for t12 = 10 µs to Γmax ' 2pi × 13 kHz for
t12 = 30 µs. The Γmax values obtained from the tempera-
ture dependence are ∼ 2 times smaller than Γmax values
obtained from the field dependence. Such a difference
can be related to the differences of the NQP dynamics in
changing magnetic field and temperature, and saturation
of the effective temperature at Tmin. From the exponen-
tial dependence of Γmax on t12, we derive the maximal
amplitude of Γmax(t12 → 0) ' 2pi×90 kHz for the B-field
dependence and Γmax(t12 → 0) ' 2pi × 35 kHz for the
temperature dependence, which are within 50% variation
of the estimated value Γmax ' 2pi × 60 kHz.
Considering the fact that the relaxation rate R is in-
dependent of the delay between the excitation pulses,
we use its parameters obtained with 3PE decays to ex-
tract the spectral diffusion from 2PE decays, where it
is obtained as a product ΓSDR. This gives the mini-
mal temperature of spectral diffusion ' (163 ± 79) mK
and Γmax ' 2pi × 12 kHz for the B-field dependence and
Γmax ' 2pi × 9 kHz for temperature dependence. The
2PE experiment represents the limit of t23 → 0, which
can be compared to the limit of t12 → 0, considering the
pulse order is not relevant. Values of Tmin is in reason-
able agreement for both 2PE and 3PE experiments. The
Γmax values are lower in the 2PE experiment as compared
to 3PE experiment. If we put these Γmax values on the
exponential dependence on the t12 delay, see Fig. 6 (b),
we find that for the both field and temperature depen-
dences these values fall on the delay of t12 ' 37 µs. This
6means that 2PE cannot be effectively described by 3PE
with t12 → 0, but rather with t12mean ' 37 µs.
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FIG. 6: (Color online) (a) Spectral Diffusion linewidth ΓSD as
a function of the magnetic field for different t12values. Lines
show the fits of the data to Eq. 3. (b) Γmax values obtained
from the fit at different t12. Red and black lines show the
exponential fit of the Γmax dependence on the t12. Possible
position of the Γmax2PE and Γmaxh on the exponential decay
is shown with the ovals, the dashed line guides to a corre-
sponding t12 delay.
The homogeneous linewidth Γ0 contains contributions
from dynamic broadening mechanisms which occur faster
than the experimental time-scale, such as the homoge-
neous linewidth Γh given by the lifetime broadening and
single-ion linewidth, optical broadening due to the spin
flips of the ground state ∆Γh, and fast spectral diffusion
ΓSDh resulting from indirect spin flip-slops:
Γ0 = Γh + ∆Γh + ΓSDh, (11)
where ∆Γh is given by [22]
∆Γh =
R
4pi
e
−ggµBB
2kBT sech
genvµBB
2kBT
. (12)
ΓSDh is the contribution from the spectral diffusion,
which cannot be resolved as part of ΓSD in the Eq. 1,
and is thus described by the same dependence on the
magnetic field and temperature as the spectral diffusion
ΓSD:
ΓSDh = Γmaxhsech
2 genvµBB
2kBT
. (13)
Fit of Eq. 11 to the experimental data is shown in Fig. 5.
The minimal temperature measured through the Γ0 is the
same as for the relaxation rate R, Tmin ' 2pi×74±9 mK.
Γh equals ' 2pi × 0.3 kHz, which correlates with the Γ0
vales obtained by Bttger et. al. [22]: 2pi×22 kHz at 4.2 K
and 2pi×1.3 kHz at 1.6 K for the erbium concentration
of 0.005 at.%.
In both magnetic field and temperature dependences,
change of the Γ0 value fit by the Eq. 11 is to ∼ 90%
due to the contribution from spectral diffusion and to
∼ 10% due to ∆Γh. The amplitude of spectral diffusion
extracted from Γ0 is different in case of dependence on the
magnetic field, Γmaxh ' 2pi×(11.4±2.6) kHz, and in case
of temperature dependence, Γmaxh ' 2pi×(3.3±0.5) kHz.
Similar to the above, we put Γmaxh values onto the ex-
ponential dependence of Γmax on t12, see Fig. 6. The
both Γmaxh values correspond to the delay t12 ' 55 µs.
Such a correlation in the Γmax values accessed via differ-
ent parameters can be also linked to the Tmin values in
2PE experiments. The minimal temperature ”seen” by
the SD is ∼ 170 mK in both 2PE and 3PE experiments.
tmin ”seen” by the Γ0 is approx. 2.5 time smaller, i.e.
∼ 75 mK. When we put the both Γmax2PE and Γmaxh
onto the same exponential dependence in Fig. 6 (b), the
difference in Tmin converts into the difference in the as-
signed ”effective” t12 values, with a longer t12 for the
lower Tmin.
The relaxation time T1 is the characteristic optical re-
laxation time. It is derived by fitting the 3PE decays to
the Eq. 1. The relaxation time T1 increases with increase
of the magnetic field and reaches ∼3500 µs at 300 mT for
t12 = 10 µs, see Fig. 7 (a). At low magnetic fields, i.e. 30-
50 mT, T1 ' TM ' 30 µs. At 12 mK, we see that T1 de-
pends on the delay t12, similarly to the spectral diffusion.
On the temperature dependence, we see that this varia-
tion is much less relevant at higher temperatures: the
t12 length brings significant difference to the T1-values
only below 0.5 K. Thus below 0.5 K, the rotating pi/2
pulses thermally influence the decoherence mechanisms,
via creating NQP with dynamics on the timescales of the
experiment.
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FIG. 7: (Color online) (a) SLR rate 1/piT1 as a function of the
magnetic field at 12 mK for different values of t12. (b) SLR
rate 1/piT1 as a function of temperature at the magnetic field
of 280 mT for different values of t12. Legend holds for both
(a) and (b)
7TABLE I: Derived experimental and theoretical values
t12, µs 1/2piWff , kHz 1⁄2piWBN , kHz·T−2 Tmin, mK 1⁄2piΓmax, kHz 1⁄2piΓh, Hz
Rate R all 10.0± 0.2 7.5± 0.2 74± 9 - -
ΓSD 10 - - 176± 37 57.8± 6.0 / 21.6± 3.9∗ -
15 - - 177± 57 51.6± 7.0 / 22.9± 2.1∗ -
20 - - 162± 12 37.8± 1.0 / 18.6± 1.1∗ -
30 - - 170± 10 26.2± 3.0 / 12.9± 0.7∗ -
2PE fixed at 10 fixed at 7.5 163± 79 11.6± 2.3 / 9.4± 0.5∗ -
Γ0 2PE fixed at 10 fixed at 7.5 74± 9 8.4± 1.6 / 5.2± 0.5(∗) 300
Our numerical
estimation
- ∼ 8 ∼ 5.7 - ∼ 60 ∼ 100s
Taken from [22] all - - 1.6 · 103 820 1300
∗ Values differ for magnetic field and temperature dependences. Presented as
( value from magnetic field dependence) / (value from temperature dependence).
VIII. NON-EQUILIBRIUM PHONONS AND
SHOTTKY ANOMALY
At the temperatures below 1 K, we enter a peculiar
experimental regime. Most of the decoherence processes
are reduced or even removed. At the same time, the
sensitivity of the atomic ensemble and the host crystal
to the excitation energy is increased. Let’s consider in
more detail how it changes the picture of the decoherence
mechanisms.
There are three systems to consider: an ensemble of er-
bium ions, the host crystal where these ions are trapped
and the boundary interface between the host and the
cryostat. Before the first pulse arrives, all these elements
are at thermal equilibrium, and a specific number of ther-
mal phonons exists in the crystal. Upon the arrival of
the first pulse, part of the pulse energy is absorbed by
the atoms, and another part - is directly absorbed into
the phononic excitation the host crystal. When the non-
radiative emission occurs, a number of nonequilibrium
phonons (NQP) is created. These phonons would travel
through the crystal, participate in collisions with ther-
mal phonons as well as with the other NQP, and leave
the crystal through the boundary interface.
Now we need to consider specific thermal properties
of the atoms and the substrate. The heat capacity
of the YSO crystal can be estimated from the Debye
model[36, 37] or taken from tables[37], which is ∼ 3
times smaller than that of the SiO2 and equals cY SO '
0.22 · T 3 Jm3K . We assume that the thermal conductiv-
ity of the YSO is similar to that of the SiO2, which is
κY SO ' 0.02T 2 WmK [37].
The heat capacity of a spin system at ultralow temper-
atures is described by the well-known Shottky anomaly
equation[38, 39]: cspin = (∆E/kBT )
2e(−∆E/kBT )/(1 +
e(−∆E/kBT ))2, where ∆E is the Zeeman splitting en-
ergy of the spin system. The thermal capacity cspin
has a characteristic peak exactly in our working field-
temperature range. The Shottky anomaly in cspin occurs
between 50 mK and 500 mK for the magnetic field range
(50 − 300) mT resulting into cspin ' cY SO · 103. This
means that the spin system can store 1000 more energy
than the crystal at the same change of temperature. Part
of these energy will be non-radiatively transmitted into
the NQP. Given that the NQP lifetime in the crystal is
much shorter than the coherence time and that the ther-
mal coupling to the cryostat is good, phonons will leave
the crystal fast with no influence on the measured echo
signal. Below 1 K, resistance of thermal boundary usu-
ally leads to the reduction of the heat transfer through
the sample-cryostat contact, which is known as Kapitza
resistance [40, 41]. The NQPs can not leave the crystal
fast enough and block the paths for the spins to relax,
moreover they re-excite other spins. As the result, the
phonon bottleneck effect appears, and the dynamics of
the non-equilibrium phonons enters the dynamics of the
spin system itself.
We estimate the phonon lifetime, τph, and the phonon
mean free path, lph,via cY SO and κY SO[33, 36, 42], and
we find it being inversely proportional to temperature:
lph ' 7 · 10−6 m⁄K and τph ' 2 · 10−9 s⁄K. The mean free
path of a phonon in YSO below 1 K, 10−4 m, is shorter
than the crystal size, 2.5 · 10−3 m, and much longer than
the mean distance between the Erbium ions, ' 12 nm.
With this values, we have estimated the bottleneck co-
efficient WBN ' 2pi × 5.7 kHz·T−2, which is similar to
the experimental value. The phonon lifetime is then in
the order of ∼ 100s ns, which similar to the previously
accepted value of τph ' 500 ns and is much shorter that
the coherence time of the erbium ions.
We do not know how large is the thermal resistance of
the boundary. Based on the observation of the phonon
”bottleneck” effect, we assume it to be rather large. De-
gression of the thermal contact [41] and high density of
the NQP lead to the dependence of the measured spec-
tral diffusion and T1 on the t12 delay. T1 is known to be
sensitive to the final conditions of the spin-crystal sys-
tem at the moment of arrival of the second pulse. So for
8the shorter t12 delay, larger number of the NQP is left
inside the crystal, therefore, T1 values are smaller. For
the longer t12 delay, effect of the first pi/2 pulse is reduces
and T1 values have increased.
Spectral diffusion ΓSD linewidth contains an accumu-
lative effect from NQP. ΓSD is larger for the shorter t12
delay and decreases in an exponential way. We can at-
tribute the characteristic time τt12 of this exponential de-
pendence to the lifetime of the NQP in the crystal [43].
It then explains, why we observe such a drastic influ-
ence of the t12 delay on experimental result: relaxation
timescale of the NQP is in the order of the delay be-
tween the pulses. Extension of the phonon lifetime by
two orders (compare, τt12 ' 25 µs and τph ' 0.5 µs) is
due to the strong phonon bottleneck effect and high ther-
mal boundary resistance. We can assess the contribution
from the NQP as follows [44]:
ΓNQP =
σ0υΣph
pi
' 10 kHz, (14)
where σ0 ' 10 nm2[44] is the phonon cross-section.
ΓNQP is in the order of the bottleneck coefficient.
The influence of non-equilibrium phonons (NQP) cre-
ated by a laser pulse has been already considered in differ-
ent crystals including RE-doped Y2SiO5 [43, 45, 46]. The
number of created NQP depends on the excitation en-
ergy, resonant phonon frequencies, presence of the other
phonon effects. NQP lead to the faster disappearance
of the echo envelope and thus to the shorter measured
coherence and relaxation times, which we observe in our
data: the relaxation time T1 is shorter for a shorter delay
t12, while SD is larger. The NQP are tightly linked to
the PBN effect so that it is not possible to sort out one
from the other.
IX. COMPARISON OF THE ER:Y2SIO5 TO THE
ER:LIYF4 AT MK
In our previous experiments with Er:LiYF4 [30], the
minimal temperature was much higher than in the cur-
rent experiment. We find a correlation between the effec-
tive temperature and thermal properties of the crystal.
Heat capacity of the spin system is considered to be sim-
ilar in both types of substrates, Y2SiO5 and LiYF4. The
heat capacities are similar for most of the common sub-
strates: 0.79 J g−1 K−1 for LiYF4; 0.74 J g−1 K−1 for
SiO2; 0.42 J g
−1 K−1 for YAlO3; 0.625 J g−1 K−1 for
Y3Al5O12 (values provided for ∼300 K) [47].
The difference comes, when comparing the ther-
mal conductance values. Most number of the com-
mon optical substrates also have similar values: (7.5
- 12.7) W m−1 K−1 for SiO2; '14 W m−1 K−1 for
Y3Al5O12; 11 W m
−1 K−1 for YAlO3[47]. The ther-
mal conductance of LiYF4 equals '6.3 W m−1 K−1[47],
which is at least 2 time lower than that of SiO2 and,
similarly, Y2SiO5. Comparing the general experimental
conditions, say power, additional laser harmonics, these
conditions were more favorable in the experiments with
the LiYF4: The YSO crystal reached lower minimal tem-
perature during the experiment despite the high-power
background laser harmonic. This leads to a concrete
conclusion, that in experiments with LYF the minimal
attainable temperature was higher as a result of a poorer
thermal conductance of the crystal itself.
X. CONCLUSIONS
In conclusion, we have presented a detailed 2PE and
3PE spectroscopy of mono-isotopic 167Er:YSO crystal at
moderate fields and temperatures below 1 K. In the echo
experiments, we have studied the decoherence proper-
ties at low magnetic fields and sub-Kelvin temperatures.
The main sources of decoherence are the spectral dif-
fusion, non-equilibrium phonons and phonon bottleneck
effect. Spectral diffusion linewidth and relaxation rate
are in particular sensitive to the dynamics on the non-
equilibrium phonons, which occurs in the timescale of the
experiment. As the limiting factor, we find the thermal
properties of the crystal itself: heat capacity is 100-times
smaller than that of the spin-system. Deterioration of
the thermal interface below 0.5 K leads to the higher
number of active phonon modes during the echo mea-
surement, which limit the maximal achievable coherence
time. It is thus not possible to achieve an increase in
optical coherence by solely cooling a spin-doped crystal
down to sub-Kelvin temperatures. We thus can conclude
that in bulk samples it is much easier to freeze the spins
by applying the magnetic field rather than by cooling
down.
XI. ACKNOWLEDGEMENT
This work is supported by the Saarland University,
Land of Saarland and DFG through the grant INST
256/415-1, BU 2510/2-1. A.K. acknowledges support
by the government assignment for FRC Kazan Scientific
Center of RAS.
[1] N. Sangouard, C. Simon, H. de Riedmatten, and
N. Gisin, Rev. Mod. Phys. 83, 33 (2011).
[2] W. Thiel, T. Bo¨ttger, and R. L. Cone, J. Lumin. 131,
353 (2011).
[3] M. Zhong, M. P. Hedges, R. L. Ahlefeldt, J. G.
Bartholomew, S. E. Beavan, S. M. Wittig, J. J. Longdell,
and M. J. Sellars, Nature 517, 177 (2015).
[4] M. Rancˆic´, M. P. Hedges, R. L. Ahlefeldt, and M. S.
Sellars, Nature Physics 14, 50 (2018).
9[5] T. Bo¨ttger, C.W.Thiel, R.L.Cone, and Y.Sun, Phys. Rev.
B 79, 115104 (2009).
[6] B. Lauritzen, J. c. v. Mina´rˇ, H. de Riedmatten,
M. Afzelius, N. Sangouard, C. Simon, and N. Gisin, Phys.
Rev. Lett. 104, 080502 (2010).
[7] F. Bussie`res, C. Clausen, A. Tiranov, B. Korzh, V. B.
Verma, S. W. Nam, F. Marsili, A. Ferrier, P. Goldner,
H. Herrmann, et al., Nature Photon. 8, 775 (2014).
[8] E. Saglamyurek, J. Jin, V. B. Verma, M. D. Shaw,
F. Marsili, S. W. Nam, D. Oblak, and W. Tittel, Na-
ture Photon. 9, 83 (2015).
[9] T. Bo¨ttger, C. W. Thiel, R. L. Cone, Y. Sun, and
A. Faraon, Phys. Rev. B 94, 045134 (2016).
[10] S. Welinski, A. Ferrier, M. Afzelius, and P. Goldner,
Phys. Rev. B 94, 155116 (2016), URL https://link.
aps.org/doi/10.1103/PhysRevB.94.155116.
[11] T. Zhong, J. M. Kindem, J. G. Bartholomew,
J. Rochman, I. Craiciu, E. Miyazono, M. Bettinelli,
E. Cavalli, V. Verma, S. W. Nam, et al., Science 357,
1392 (2017).
[12] S. Probst, H. Rotzinger, A. V. Ustinov, and P. A. Bushev,
Phys. Rev. B 92, 014421 (2015).
[13] G. Wolfowicz, H. Maier-Flaig, R. Marino, A. Ferrier,
H. Vezin, J. J. L. Morton, and P. Goldner, Phys. Rev.
Lett. 114, 170503 (2015).
[14] H.-J. Lim, S. Welinski, A. Ferrier, P. Goldner, and J. J. L.
Morton, Phys. Rev. B 97, 064409 (2018).
[15] S. Probst, H. Rotzinger, S. Wu¨nsch, P. Jung, M. Jerger,
M. Siegel, A. V. Ustinov, and P. A. Bushev, Phys. Rev.
Lett. 110, 157001 (2013).
[16] Y.-H. Chen, X. Fernandez-Gonzalvo, and J. J. Longdell,
Phys. Rev. B 94, 075117 (2016).
[17] R. P. Budoyo, K. Kakuyanagi, H. Toida, Y. Matsuzaki,
W. J. Munro, H. Yamaguchi, and S. Saito, Phys. Rev.
Materials 2, 011403 (2018).
[18] Y.-H. C. J. J. L. Xavier Fernandez-Gonzalvo, Sebastian
P. Horvath, arXive p. 1712.07735 (2017).
[19] S. Welinski, P. J. T. Woodburn, N. Lauk, R. L. Cone,
C. Simon, P. Goldner, and C. W. Thiel, arXive p.
1802.03354 (2018).
[20] S. R. Hastings-Simon, B. Lauritzen, M. U. Staudt,
J. L. M. van Mechelen, C. Simon, H. de Riedmatten,
M. Afzelius, and N. Gisin, Phys. Rev. B 78, 085410
(2008).
[21] E. Cruzeiro, A. Tiranov, J. Lavoie, A. Ferrier, P. Goldner,
N. Gisin, and M. Afzelius, arXive p. 1712.02682 (2017).
[22] T. Bo¨ttger, C. W. Thiel, Y. Sun, and R. L. Cone, Phys.
Rev. B 73, 075101 (2006).
[23] D. L. McAuslan, J. G. Bartholomew, M. J. Sellars, and
J. J. Longdell, Phys. Rev. A 85, 032339 (2012).
[24] J. V. Rakonjac, Y.-H. Chen, S. P. Horvath, and J. J.
Longdell, arXive p. 1802.03862 (2018).
[25] A. Ortu, A. Tiranov, S. Welinski, F. Fro¨wis, N. Gisin,
A. Ferrier, P. Goldner, and M. Afzelius, arXive p.
1712.08615 (2017).
[26] B. Car, L. Veissier, A. Louchet-Chauvet, J.-L. L. Goue¨t,
and T. Chanelie`re, arXive p. 1709.01959 (2017).
[27] Y. Kubo, C. Grezes, A. Dewes, T. Umeda, J. Isoya,
H. Sumiya, N. Morishita, H. Abe, S. Onoda, T. Ohshima,
et al., Phys. Rev. Lett. 107, 220501 (2011), URL
https://link.aps.org/doi/10.1103/PhysRevLett.
107.220501.
[28] C. O’Brien, N. Lauk, S. Blum, G. Morigi, and M. Fleis-
chhauer, Phys. Rev. Lett. 113, 063603 (2014), URL
https://link.aps.org/doi/10.1103/PhysRevLett.
113.063603.
[29] A. Tkalcˇec, S. Probst, D. Rieger, H. Rotzinger,
S. Wu¨nsch, N. Kukharchyk, A. D. Wieck, M. Siegel,
A. V. Ustinov, and P. Bushev, Phys. Rev. B 90, 075112
(2014).
[30] N. Kukharchyk, D. Sholokhov, O. Morozov, S. L. Korabl-
eva, A. A. Kalachev, and P. A. Bushev, New J. Phys. 20,
023044 (2018).
[31] N. Kukharchyk, D. Sholokhov, O. Morozov, S. L. Ko-
rableva, , J. H. Cole, A. A. Kalachev, and P. A. Bushev,
Opt. Lett. 43, 935 (2018).
[32] W. B. Mims, Phys. Rev. 168, 370 (1968).
[33] A. Abragam and B. Bleaney, Electron paramagnetic res-
onance of transition ions (OUP OXFORD, 1970).
[34] F. R. Graf, A. Renn, and a. P. W. Gert Zumofen, Phys.
Rev. B 58, 5462 (1998).
[35] S. Takahashi, R. Hanson, J. van Tol, M. S. Sher-
win, and D. D. Awschalom, Phys. Rev. Lett. 101,
047601 (2008), URL https://link.aps.org/doi/10.
1103/PhysRevLett.101.047601.
[36] C. Kittel, Introductioti to Solid State Physics (John Wi-
ley & Sons, Inc, 2005), 8th ed.
[37] F. Pobell, Matter and Methods at Low Temperatures
(Springer-Verlag Berlin Heidelberg, 2007), 3rd ed.
[38] V. F. Sears, Proceedings of the Physical Society 84, 951
(1964), URL https://doi.org/10.1088%2F0370-1328%
2F84%2F6%2F314.
[39] J. W. Tucker, Proceedings of the Physical Society 85, 559
(1965), URL https://doi.org/10.1088%2F0370-1328%
2F85%2F3%2F315.
[40] P. L. Kapitza, Phys. Rev. 60, 354 (1941), URL https:
//link.aps.org/doi/10.1103/PhysRev.60.354.
[41] J. Liberadzka, J. Golm, T. Koettig, J. Bremer, and
H. J. M. ter Brake, IOP Conference Series: Materials Sci-
ence and Engineering 502, 012133 (2019), URL https://
doi.org/10.1088%2F1757-899x%2F502%2F1%2F012133.
[42] F. Auzel and F. Pelle´, Phys. Rev. B 55, 11006 (1997),
URL https://link.aps.org/doi/10.1103/PhysRevB.
55.11006.
[43] Y. S. Bai and R. Kachru, Phys. Rev. B 46,
13735 (1992), URL https://link.aps.org/doi/10.
1103/PhysRevB.46.13735.
[44] F. R. Graf, A. Renn, G. Zumofen, and U. P. Wild, Phys.
Rev. B 58, 5462 (1998), URL https://link.aps.org/
doi/10.1103/PhysRevB.58.5462.
[45] R. Macfarlane and R. Meltzer, Journal de
Physique Colloques 46, C7 (1985), URL https:
//hal.archives-ouvertes.fr/jpa-00225070.
[46] S. B. Altner, G. Zumofen, U. P. Wild, and M. Mitsunaga,
Phys. Rev. B 54, 17493 (1996), URL https://link.aps.
org/doi/10.1103/PhysRevB.54.17493.
[47] M. J. Weber, Handbook of Optical Materials (CRC Press,
2002), 1st ed.
